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1 | INTRODUCTION

For many proteins, molecular function is tightly coupled
to the three-dimensional structures of globular domains

| Katrine Bugge®
Meike Burow? ©® |

| Riccardo Marabini®©® |
Birthe B. Kragelund®

Abstract

Protein domains constitute regions of distinct structural properties and molec-
ular functions that are retained when removed from the rest of the protein.
However, due to the lack of tertiary structure, the identification of domains
has been largely neglected for long (>50 residues) intrinsically disordered
regions. Here we present a sequence-based approach to assess and visualize
domain organization in long intrinsically disordered regions based on compo-
sitional sequence biases. An online tool to find putative intrinsically disordered
domains (IDDomainSpotter) in any protein sequence or sequence alignment
using any particular sequence trait is available at http://www.bio.ku.dk/
sbinlab/IDDomainSpotter. Using this tool, we have identified a putative
domain enriched in hydrophilic and disorder-promoting residues (Pro, Ser,
and Thr) and depleted in positive charges (Arg and Lys) bordering the folded
DNA-binding domains of several transcription factors (p53, GCR, NAC46,
MYB28, and MYB29). This domain, from two different MYB transcription fac-
tors, was characterized biophysically to determine its properties. Our analyses
show the domain to be extended, dynamic and highly disordered. It connects
the DNA-binding domain to other disordered domains and is present and con-
served in several transcription factors from different families and domains of
life. This example illustrates the potential of IDDomainSpotter to predict, from
sequence alone, putative domains of functional interest in otherwise
uncharacterized disordered proteins.
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existing in the context of larger proteins. In contrast,
intrinsically disordered regions (IDRs) lack fixed three-
dimensional structure’ instead populating dynamic
ensembles of conformations that may display transient
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structural elements of functional relevance. In doing so,
there are various ways in which IDRs enable fast, sensi-
tive, dynamic, and graded regulation of protein activity,
for example, by physical interactions with other proteins
or molecules,”™ through post-translational modifications
(PTMs),”® or via allostery.”°

Protein domains have been defined as segments that
may function, evolve, and fold independently of the rest of
the protein.!'"* Thus, even when removed from its origi-
nal sequence context and expressed independently or
when fused to other polypeptide chains, a domain retains
its fold and function. This definition does not exclude dis-
ordered protein segments that have conserved sequences,
conserved disorder, and/or conserved functions indepen-
dent of the rest of the polypeptide chain.'*'® Globular
domains are predicted based on, for example, sequence
similarity, predicted secondary structure content, patterns
of hydrophobic residues, and relative solvent accessibility.
These criteria fail to identify domains in IDRs, which usu-
ally evolve faster'” and do not fold into stable structures
with a hydrophobic core. Thus, while multidomain globu-
lar proteins are frequent, domains within IDRs have gen-
erally not been considered, perhaps because domains have
historically been viewed as primarily being linked to struc-
ture. Nonetheless, distinct regions within IDRs may have
independent functional, chemical, and structural proper-
ties as well as evolve independently of the rest of the pro-
tein and may therefore similarly be considered as domains
existing within a larger disordered context.

Compared to globular domains, IDRs are often com-
positionally biased with higher frequencies of Pro, Glu,
Ser, Gln, Lys, Ala, and Gly.'® However, different biases
and residue distributions within an IDR may lead to
widely different chemical and structural properties giv-
ing rise to the plethora of diverse molecular functions
IDRs confer.'” IDRs thus act as entropic chains linking
other domains,? as chaperones that assist folding of
RNA or other proteins,21 as assemblers via short interac-
tion motifs that allow building of higher order com-
plexes in signal transduction,*® or displaying PTM sites
for regulating protein activity.”> As an example, some
IDRs enriched in polar and Gly residues with regularly
spaced aromatic residues promote liquid-liquid phase
separation to form biomolecular condensates under cer-
tain physiological conditions.>**” Conversely, for IDRs
with a high fraction of charged residues, the distribution
of opposite charges (quantified by the x-value) controls
chain compaction.?® These cases exemplify how differ-
ent sequence biases and distributions within IDRs can
lead to markedly different chemical and structural prop-
erties and hence may allow for domain identification,
especially in cases where those biases are evolutionarily
conserved among homologs.

Many proteins involved in signaling and regulation uti-
lize the advantages of intrinsic disorder when integrating
information about cellular and organismal status.' One
such group of proteins are transcription factors (TFs) that
integrate internal and external cues to fine-tune gene
expression and thus modulate the output of biological pro-
cesses to make decisions of vital importance to the organ-
ism. Consistently, the transactivation domains (TADs) and
other regulatory domains of TFs are predicted to contain
extensive disordered regions.”>' These IDRs are often of
significant size, ranging up to several hundred residues
uninterrupted by any ordered domains. Hence, this group
of proteins constitute a suitable model system for analyzing
the presence of disordered domains identified from compo-
sitional biases.

In this work we have used a compositional bias
approach to spot domains in long IDRs from TFs by calcu-
lating fractions of residues within sliding windows. Our
results suggest the presence of different disordered domains
in TFs conserved across species and show that transitions
and peaks on the sliding window profiles are linked to
known structural and functional modules, supporting the
validity of our method. Notably, several DNA-binding
domains (DBDs) of TFs are bordered by a segment enriched
in Pro, Ser, and Thr and depleted in Arg and Lys compared
to surrounding regions. We find this putative +PST-RK
domain to be evolutionarily conserved among homologs,
indicating functional importance. In the predicted long
IDRs of Arabidopsis thaliana MYB28 and MYB29,** the
+PST-RK domain connects the folded N-terminal DBD to
the disordered C-terminal part of the protein. Results from
several complementary biophysical techniques revealed that
the +PST-RK domain lacks stable structure, being in a flexi-
ble and extended conformation, providing the first experi-
mental evidence of intrinsic disorder in the plant R2R3
MYB TF family. We propose that the disordered +PST-RK
domain provides conformational flexibility between the
connected domains as well as possibly chaperoning against
undesired electrostatic attraction. Our findings illustrate the
potential of IDDomainSpotter to identify disordered
domains by exploiting compositional biases, enabling the
decoding of long IDRs into structural and functional units,
accelerating their characterization.

2 | RESULTS

21 | Sliding window profiles divide
disordered regions into structural and
functional domains

IDDomainSpotter calculates the fractions of residue types
in either single protein sequences or sequence alignments
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in FASTA format. Fractions are calculated in sliding win-
dows with a default size of 15 residues, chosen to achieve
a balance between sensitivity to average characteristics of
the sequence and resolution. Further, as the majority of
short interaction motifs in IDRs are between 3 and
10 residues,*® this window size allows for the identifica-
tion of such motifs that are biased in their composition
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FIGURE 1

relative to their neighboring regions. For each residue, k,
the fraction of residues between k—7 and k+7
matching specific criteria is returned, and in the case of
alignments, the result is averaged across the individual
sequences. All criteria and combinations are possible,
and the user can add as many features as desired, as well
as choose a custom window size relevant to the user's
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IDDomainSpotter profiles of p53 (a, ¢, e) and GCR (b, d, f). Profiles of human p53 (a), profiles of aligned mammalian p53

sequences (c), and of aligned chordate p53 sequences (e) shown above each other for comparison. Profiles of human GCR (b), profiles of

aligned mammalian GCR sequences (d), and of aligned chordate GCR sequences (f) shown above each other for comparison. Gray boxes

indicate domains, conserved regions, and motifs as named above the graph. Light gray boxes indicate the same information transferred to
the aligned sequence profiles by locating the corresponding positions in the alignment. Profiles display scores for Phe + Tyr + Gly (+FYG),
Leu + Val + Ile (+LVI), Arg + Lys (+RK), Arg + Lys-Asp-Glu (+RK-DE), and Pro+Ser + Thr-Arg-Lys (+PST—RK) calculated over

15 residues windows. See Tables S1-S4 for sequences used in alignments. DBD, DNA-binding domain; LBD, ligand-binding domain; RD,
regulatory domain; TAD, transactivation domain; TD, tetramerization domain
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study. Each feature consists of a specific combination of
amino acids yielding a positive contribution and a combi-
nation of amino acids yielding a negative contribution.
For each feature any combination of proteinogenic amino
acids (or X for unusual or unnatural amino acids) can be
used, making the approach highly flexible and customiz-
able depending on the protein examined and the proper-
ties of choice.

In order to capture the diversity of long IDRs, we assem-
bled a set of TFs from different families and different organ-
isms, and with varying preexisting information on structure,
function, and domain organization (Figures 1-3). We further
gathered homolog sequences and constructed alignments to
assess the conservation of the features we observed from
analyses of the individual sequences. We then applied
IDDomainSpotter to assess compositional bias throughout
the IDRs and identify regions that may constitute segregated
disordered domains.

To analyze our assembled TF set, we chose several fea-
tures. These included Phe, Tyr, and Gly (+FYG) as IDRs
enriched in these residues may be involved in the promotion
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FIGURE 2

of liquid-liquid phase separation, and Leu, Val and Ile
(+LVI) since hydrophobic residues are generally under-
represented in disordered regions. The DBDs of TFs are
rich in positively charged residues gearing them to interact
with the negative charges on the DNA phosphate back-
bone, while the activation domains are often negatively
charged.**® We therefore included Arg and Lys (+RK)
and net charge (+RK—-DE), to specifically discriminate
these regions. To look for highly disordered regions
outside the DBD, we included a feature that located
regions enriched in hydrophilic and disorder promoting
residues (Pro, Ser, and Thr), and depleted in Arg and Lys
(+PST—RK). For example, for the feature “+PST—RK”,
residue k counted as +1 if the position was occupied by a
Pro, Ser, or Thr, —1 if occupied by Arg or Lys, and 0 if occu-
pied by any other residue. The sliding window profiles
based on these features allowed us to visualize segments of
the proteins which contained high fractions of residues
with certain chemical properties, such as hydrophobicity
or charge, or with certain structural properties, such as
prolines (Figures 1-3). Differently biased regions could

(b) Arabidopsis thaliana NAC13
DBD RB ™D
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IDDomainSpotter profiles of NAC46 (a, ¢) and NAC13 (b, d). Profiles of A. thaliana NAC46 (a) and of aligned Brassicales

NAC46 sequences (c) shown above each other for comparison. Profiles of A. thaliana NAC13 (b) and of aligned Brassicales NAC13

sequences (d) shown above each other for comparison. Gray boxes indicate domains, conserved regions and motifs as named above the

graph. Light gray boxes indicate the same information transferred to the aligned sequence profiles by locating the corresponding positions
in the alignment. Profiles display scores for Phe + Tyr + Gly (+FYG), Leu + Val + Ile (+LVI), Arg + Lys (+RK), Arg + Lys-Asp-Glu
(+RK-DE), and Pro + Ser + Thr-Arg-Lys (+PST—RK) calculated over 15 residues windows. See Tables S5 and S6 for sequences used in
alignments. DBD, DNA-binding domain; RB, RCD1 binding region; TMD, transmembrane domain



MILLARD ET AL.

then be related to each other, and to regions of the proteins
known to have distinct structural and/or functional
properties.

We applied IDDomainSpotter to a previously structur-
ally characterized TF to test whether it can identify func-
tional domains. Human p53 contains a central DBD, a
tetramerization domain (TD), a C-terminal regulatory
domain (RD), and an N-terminal IDR, in which the TAD is
embedded.*”*® These domains have originally been
assigned from structural and functional insight. Applying

(a) Arabidopsis thaliana MYB28
DBD +PST-RK_MIM

+FyG-Mﬂ_‘F_¥—u—"—\_r”MM
+LVI i S L C ey SR N o WY
+RK _mﬂw‘—ﬁ‘u—\_{—\_r"

+RK‘DE‘W\T%WWW
+PST_RK'WLAMW

50 100 150 200 250 300 350

(b) Arabidopsis thaliana MYB29
DBD +PST-RK MIM

+FYG_W\—\/‘—\_H_,WMW
+VI _WMM
\RK _MM - B

+RK—DE-WV\1/\\WWW
+PST—RK-M\/M

50 100 150 200 250 300

(c) Brassicales MYB28/MYB29-like alignment
DBD +PST-RK_MIM

+FYG JN_"‘/_V\_‘/L‘?—U—"—WW\

»—MWMM

+LVI 1

+RK -M\‘\fhwkw

+RK—DE-WWMW
+PST—RK'WwMVWW

50 100 150 200 250 300 350

B oos-WiLey L=

IDDomainSpotter, we observed that the borders between
the original domains were associated with peaks and dips
on the sliding window profiles (Figure 1la). Notably,
within the N-terminal IDR, the TAD stands out from the
net charge (+RK—DE) and +LVI features. When compar-
ing with the IDDomainSpotter profiles of an alignment of
p53 sequences from mammals (without any primate p53
sequences) or an alignment of p53 sequences from chor-
dates (without any mammal p53 sequences), these com-
positional biases were largely conserved (Figure 1c,e).
Thus, IDDomainSpotter can detect previously defined
domains, as well as suggest that other, disordered
domains can meaningfully be defined within the disor-
dered regions.

2.2 | The DBDs are flanked by
disordered +PST—RK domains

Notably, relative to the surrounding residues, the p53
DBD was flanked by segments enriched in Pro, Ser, and
Thr but depleted in Arg and Lys (high +PST—RK score)
(Figure 1la,.c,e). This bias was found both N- and
C-terminally to the DBD.

To evaluate if the putative +PST—RK domain identi-
fied in p53 is a commonly occurring domain in TFs, we
applied IDDomainSpotter to other TFs with known IDRs.
The human glucocorticoid receptor (GCR) contains a
central DBD, a C-terminal ligand-binding domain (LBD)
and a large N-terminal IDR.'>* Using IDDomainSpotter,
we saw that the DBD was similarly surrounded by +PST
—RK domains (Figure 1b). Further, when comparing the
human GCR IDDomainSpotter profiles with those of an
alignment of GCR sequences from mammals (without
any primate GCR sequences) or an alignment of GCR
sequences from chordates (without any mammal GCR
sequences), these +PST—RK domains were highly con-
served (Figure 1d,f).

FIGURE 3 IDDomainSpotter profiles of A. thaliana MYB28
(a), A. thaliana MYB29 (b), and of aligned Brassicales MYB28/
MYB29-like sequences (c) shown above each other for comparison.
Gray boxes indicate domains, conserved regions, and motifs as
named above the graph. Light gray boxes indicate the same
information transferred to the aligned sequence profiles by locating
the corresponding positions in the alignment. Profiles display
scores for Phe + Tyr + Gly (+FYG), Leu + Val + Ile (+LVI), Arg
+ Lys (+RK), Arg + Lys-Asp-Glu (+RK-DE), and Pro + Ser

+ Thr-Arg-Lys (+PST—RK) calculated over 15 residues windows.
See Table S7 for sequences used in alignments. DBD, DNA-binding
domain; MIM, MYC-interaction motif; +PST—RK, region
investigated in this study
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Plants have highly expanded TF families.** NAC46 and
NACI13 from A. thaliana are both members of the NAC TF
family. Apart from their DBDs, they contain long, largely
disordered transcriptional regulatory domains*™* includ-
ing a region responsible for RCD1 binding (RB).***> Similar
to the observations for p53 and GCR, IDDomainSpotter
showed that the DBD of NAC46 was bordered C-terminally
by a +PST-RK domain and contained several notable other
putative domains with different compositional biases
throughout its C-terminal (Figure 2a); features conserved
among other Brassicales NAC46-like proteins (Figure 2c).
In contrast, the profile of NAC13 was markedly different in
the DBD border region, being instead highly enriched in
negatively charged residues (Figure 2b). This feature was
also observed among other Brassicales NAC13-like proteins

(a) MYB28 +PST-RK domain sequence
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170 180 190
FLSRPPPSSCNMVSKVSELSSNDGTPIQGSSLSCKKR

MYB29 +PST-RK domain sequence
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FIGURE 4 Structure propensities of the MYB28 (M117-R197)
and MYB29 (G120-R178) putative +PST-RK domains. (a) Amino
acid sequences of MYB28,17_19; and MYB29;,_175 following
removal of the N-terminal GST-tag. CD spectra of the MYB28

(b) and MYB29 (c) +PST-RK domains. '*N-'"H HSQC spectra of the
MYB28 (d) and MYB29 (e) +PST-RK domains. CD, circular
dichroism

(Figure 2d). Why the DBD is not linked by a +PST-RK
domain, is not clear. NAC13 belongs to a class of NAC TFs
containing a transmembrane domain (TMD) tethering it to
the membrane until cleaved and released by proteolytic
activation.**™*® The location of this TMD was identified by a
switch in the composition from enriched in +RK to being
enriched in +LVI (Figure 2b,d).

MYB28 and MYB29 are also TFs from A. thaliana but
belong to a different TF family. They both contain an
N-terminal DBD and a predicted disordered C-terminal
region with a MYC interaction motif (MIM).* Through-
out the disordered regions, IDDomainSpotter uncovered
several putative domains with different compositional
biases (Figure 3a,b). These included domains enriched in
+PST-RK, in +RK, in +FYG, or in +LVI, relative to their
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FIGURE 5 Secondary chemical shift analysis of the MYB28

putative +PST-RK domain (a), the MYB29 putative +PST-RK
domain (b) and the human p53 N-terminal IDR (c). The applied
sequence-corrected random coil C* shifts were calculated with
correction for temperature and pH.>>>* p53 C* shifts were obtained
from BMRB Entry 17760.>> Red diamonds indicate unassigned
residues. IDR, intrinsically disordered region



MILLARD ET AL.

surroundings, and domains of net negative charge. A
large putative domain (~80 residues for MYB28 and
60 residues for MYB29) immediately in extension of the
DBDs was found to be enriched in +PST-RK, similar to
what we observed for several other TFs in our analysis.
This +PST-RK domain was also observed in the
IDDomainSpotter profile of an alignment of MYB28- and
MYB29-like sequences from Brassicales (Figure 3c), indi-
cating that such a compositional bias bordering the DBD
is conserved.

The +PST-RK domain, bordering the DBD, appeared to
be shared by several TFs across different TF families and con-
served among their homologs. The specific compositional
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!>N-relaxation NMR experiments of the MYB28 putative +PST-RK
domain. Bars represent fitted values of data from consecutive
acquisitions =+ error of the fits. Black line: R, relaxation rates fitted
with random coil values.*®*” Red diamonds indicate unassigned
residues or prolines. NMR, nuclear magnetic resonance
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bias of enrichment in hydrophilic and disorder-promoting
residues and depletion of positive charges, suggested a highly
disordered domain with unique structural properties. To
address these properties, we proceeded by investigating the
+PST-RK domains identified in MYB28 and MYB29.

2.3 | The +PST-RK domain lacks stable
secondary and tertiary structure

To acquire empirical data describing the structural properties
of the putative +PST-RK domains of MYB28 and MYB29, we
purified Escherichia coli expressed GST-fused +PST-RK
domains covering M117-R197 of MYB28 and G120-R178 of
MYB29. Following removal of the GST-tag, only a residual
Gly-Ser dipeptide remained at the N-terminals (Figure 4a).
Far-UV circular dichroism (CD) spectra acquired of
MYB28,17_197 (Figure 4b) and MYB29,,4 175 (Figure 4c)
showed that the spectrum of both proteins exhibited a pro-
nounced negative band around 200 nm, and hardly any
negative ellipticity around 220 nm, characteristic of an

unstructured chain without substantially populated
(a)
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FIGURE 7 SAXS analysis of MYB28,,7_197. (2) SAXS scaled

log versus log plot at 2.0 and 4.0 mg/ml. The radius of gyration (Ry)
calculated from the scattering data of the 4.0 mg/ml sample is
shown. (b) Kratky plot at 2.0 and 4.0 mg/ml. SAXS, small-angle
X-ray scattering
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secondary structures.’® In concurrence, the >N-"H heter-
onuclear single quantum coherence (HSQC) spectra
recorded on '°N-labeled MYB28,,,_19; (Figure 4d) and
MYB29,,4_173 (Figure 4e), had a narrow peak distribution
in the proton dimension, as seen for disordered proteins
that lack tertiary structure.> >

Secondary chemical shift analysis based on sequence-
corrected random coil values®™** revealed that neither
MYB28,,7197 (Figure 5a) nor MYB29,,, ;-5 (Figure 5b) con-
tained stable secondary structures, but both had smaller
stretches of lowly populated, transient extended structures
and putative turns in the C-terminal. For comparison,
p531_03 (chemical shift values from BMRB Entry 17760°°)
harbors transient a-helices within the N-terminal half of
the IDR, corresponding to the TAD (Figure 5c). For p53,
the second part of the IDR that corresponds to the +PST-
RK domain bordering the DBD, contained smaller stretches
of lowly populated, transient extended structures, similar to
MYB28,17_197 and MYB29,,, ;75. These results suggest a
lack of secondary structure and a highly disordered nature
of +PST-RK domains bordering the DBDs of MYB2S,
MYB29, and p53.

24 | The MYB28 + PST-RK domain is
dynamic and extended

To further characterize the putative +PST-RK domain, we
quantified the structural dynamics occurring on the ps-ns
timescale. Nuclear magnetic resonance (NMR) relaxation
experiments of MYB28,,;_;4; revealed an average R,/R, value
of 2.2 + 0.5 (Figure 6). Overall, heteronuclear nuclear Over-
hauser effect (NOE) values were also low, with most values
ranging between 0.2 and 0.4. Due to repetitive prolines and
compositional bias we were unable to assign some smaller seg-
ments (123PVTHKP, 5, 155sRSSSMP;60, and ;4sPPPSSCN;7;).
The first of these (;,3PVTHKP, 55) is flanked by residues having
higher R,/R; values, suggesting a potential motional restric-
tion, whereas this was not the case for the two other regions.
R, relaxation rates were similar to fitted random coil values
using the model of segmental motion>**’ (line in Figure 6). In
summary, the heteronuclear NOE values and relaxation rates
are consistent with the MYB28 4+ PST-RK domain being
highly flexible and dynamic.

Small-angle X-ray scattering (SAXS) analysis of
MYB28,17_197 (Figure 7a) resulted in a continuously ris-
ing Kratky plot (Figure 7b) as observed for unfolded
chains®® and consistent with the CD- and NMR experi-
ments. The R, of MYB28,17_19; as estimated from the
SAXS data was 23.8 + 0.5 A (Figure 7). Globular proteins
of this size (51-100 residues) usually have R, values of
12-14 A, and reach R, values in excess of 20 A only when
containing 250 residues or more.>® Scaling laws®>®" based

on length (83 residues) estimated the R, to ~12 A for a
folded protein or ~27 A for a chemically unfolded protein
(Table 1). This suggested that the MYB28 putative +PST-
RK domain is extended. Measurement of the hydrody-
namic radius (R,) of MYB28,;7 197 using ISN-filtered
DOSY-NMR resulted in an R, = 22.7 + 0.02 A (Table 1).
Scaling laws®>®* based on length estimated the R; to
~17 A for a folded protein, ~24 A for an intrinsically dis-
ordered protein, and ~27 A for a chemically unfolded
protein (Table 1). This was consistent with a disordered
conformation of the MYB28 + PST-RK domain that was
slightly less extended than a chemically denatured
protein.

The ratio between R, and Ry (R4/Ry) of an object
yields information about its shape.®* A solid sphere has a
Ry/Ry = V3/5 ~ 0.77, while objects that are elongated
may have Ry/R;, values in excess of 1, increasing toward
~1.4 for a denatured protein.®® From our experimentally
determined R, and Ry, we estimated a Ry/R,, = 1.1 for
MYB28;17_197. Using a method developed by Nygaard
et al.?® to estimate the R,/Ry, value for unfolded proteins
based on length (83 residues) and the experimentally
determined R, (23.8 A), we estimated the Ry/Ry, = 0.96 A
for MYB28,,7_19;. Comparing this to the Ry/R; value
derived from our experiments, MYB28,,,_19; Was more
extended than expected. Overall, the putative +PST-RK
domains lack stable secondary- and tertiary structure,
and do not display globular, compact conformations, but
can be characterized as fully disordered, highly dynamic,
and extended.

TABLE 1 MYB28,;7197 Rz and Ry, values experimentally
determined and calculated from previously determined scaling laws

R, Method/State R, (A) References

Ry Experimental (SAXS) 23.8 £ 0.5 This study

Ry Folded 11.8 60

Ry Chemically unfolded 271 61

Ry Experimental (NMR) 22.7 + 0.02*  This study

Ry Folded 17.3 63

Ry Chemically unfolded 26.4 63

Ry Intrinsically disordered 23.6 63
(original method)

Ry Intrinsically disordered 23.8 63
(improved method)

R,  Folded 17.1 62

Ry Chemically unfolded 27.4 62

Abbreviations: NMR, nuclear magnetic resonance; SAXS, small-angle X-ray
scattering.

#The error of the experimental Ry, value accounts for the error in the
estimated diffusion coefficient but does not account for errors in the
estimated viscosity or temperature.
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Negatively charged

FIGURE 8 Domain model of MYB TFs. R2R3 MYB DNA-binding domain in complex with DNA (PDB ID: 1MSE), with the
protein colored gray and DNA orange. Domains within the IDR have different sequence properties (i.e., enriched or depleted in

side chains increasing hydrophilicity, flexibility, [net] charge, etc.) and thus distinct structural properties of relevance to

differentiated molecular functions. The +PST-RK domain, bordering the DNA-binding domain is indicated. IDR, intrinsically

disordered region

3 | DISCUSSION

3.1 | IDRs contain disordered domains
with distinct functional and structural
properties

IDDomainSpotter revealed several putative domains
within large IDRs with distinct compositional biases
(Figures 1-3). These compositional biases were conserved
among homologs, suggesting functional importance of
the candidate domains. As the differently biased domains
are linked to different chemical and structural properties,
and therefore likely contribute uniquely to the overall
function of the protein, we consider these to be a basis
for domain discrimination within IDRs (Figure 8). The
IDRs of MYB28 and MYB29 contain candidate domains
enriched in +PST-RK, +RK, +LVI, and +FYG, and nega-
tively charged regions. These likely have different struc-
tural properties in terms of transient structure content,
compactness, flexibility, and potential for participating in
physical interactions (including protein-protein or
protein—nucleic acid interactions). In this work, we struc-
turally characterized one of these domains that was
found bordering the DBDs of TFs from different families.

3.2 | Decomposition of disordered
domains by properties

Relating sequence information to conformational prefer-
ences and molecular functions is a central task in biology.
Certain sequence attributes may in some cases directly
correlate to conformation or function and can thus facili-
tate protein characterization. Such attributes can be
global or local and consider either composition or pat-
terning. CIDER is one approach that considers global
sequence composition and global sequence patterning and
relates these to conformational preferences.’”*® Sequence

patterning has been shown to be important for predicting
the compactness of IDPs rich in positive and negative char-
ges.”® Conversely, sequence patterning has minor influence
on the cryoprotective function of intrinsically disordered
dehydrin proteins, which is instead governed by size and
sequence composition.®>”® IDDomainSpotter aims at con-
sidering local differences in composition not limited to par-
ticular features (such as charge or proline content) but with
the possibility to explore compositional biases among all
amino acid combinations.

Similar to other predictors, IDDomainSpotter does
not consider PTMs, although IDRs are often enriched in
phosphorylation sites.”’ Multisite (or even hyper-)phos-
phorylation of IDRs may induce folding or modulate the
conformational preferences, for example, by changing
the charge patterning and affecting chain expansion.>®%’
Thus, for the +PST-RK domains discussed here, which
we propose to be disordered spacers connecting the DBDs
of many TFs to regulatory regions, phosphorylations may
directly modulate activity by influencing the overall con-
formational preferences of the protein.

3.3 | Optimal use of IDDomainSpotter

The intent of IDDomainSpotter is to dissect long IDRs
into distinct structural and functional units, that is, puta-
tive domains. IDDomainSpotter does not predict disor-
der, and the user is referred to other tools for assessing
disorder content, see for instance Reference 72 or 73. Fur-
ther, little information can be gained by applying
IDDomainSpotter to short (<40) IDRs, as the objective is
to look for differences in compositional biases along the
length of an IDR. The user also must carefully consider
the contributions of each amino acid when analyzing
composite features. As an example, in the case of the
+PST-RK feature, many sequences with different combi-
nations of Pro, Ser, Thr, Arg, and Lys may result in a
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similar output. Therefore, it is useful to observe the profiles
of the individual amino acids when interpreting the com-
posite features (see Figure S1). Finally, special care has to
be taken when interpreting IDDomainSpotter profiles from
sequence alignments. A genuine conserved signal may be
hidden from the user if, for example, several sequences in
the alignment contain a gap at this position, diluting the
signal. Conversely, a strong signal could be an artifact of a
phylogenetically unbalanced alignment. For example, if an
alignment contains many primate sequences and few
sequences from other vertebrates, the primate sequences
dominate and many of the signals observed may not be
conserved beyond primates. This is why we excluded pri-
mate and mammal sequences when considering conserva-
tion of the compositional biases in p53 and GCR among
mammals and chordates, respectively.

3.4 | An intrinsically disordered +PST-
RK domain in MYB28 and MYB29 links the
DBD to the C-terminal

The non-MYB regions of MYB TFs are associated with
numerous regulatory functions.** Depending on how
these tasks are carried out on a mechanistic level
(e.g., through physical interaction), and what specific
part of the protein that mediates it (such as a binding
site), it can be of critical importance to control the spatial
distance between the DBD and that region of the protein.
Although MYB28 does not require interactions with
other TFs to bind DNA in vitro,”* most TFs function in a
combinatorial manner by interacting with other TFs.””
For these types of interactions, the spatial distance
between the binding site and the DBD limits how far in
space the TF can search for interactors while bound to
DNA, and potentially even the distance between cis ele-
ments for TFs that act in combination. Characterizing
conformations and compactness of the TFs involved and
narrowing down the TF interaction sites are necessary
before these questions can be explored in more detail.

3.5 | Decoupling of intrachain binding
avidity by highly disordered spacers?

The putative +PST-RK domains in MYB28 and MYB29
are ~80 and 60 residues long, respectively, and highly dis-
ordered, flexible, and extended. Similar domains border-
ing the DBDs are conserved in several TFs from other
protein families. DBDs are rich in positive charges to
interact with the negative charges of the DNA phosphate
backbone, while TADs are often enriched in negative
charges,**® related to their ability to recruit the

mediator complex and activate transcription.”® Thus,
when not DNA-bound, there is a possibility that intramo-
lecular electrostatic attraction may occur between the
two domains. When domains participating in intramolec-
ular interactions are connected by a spacer, the length,
conformation, and flexibility of the spacer are chief deter-
minants of interaction kinetics.”””® Thus, we suggest that
the +PST-RK domain might serve to control inhibitory
interactions between the DBD and the TAD. Indeed, fur-
ther research examining additional functional and mech-
anistic properties of these +PSR-RK domains is needed,
although the fact that they are conserved in the
IDDomainSpotter profiles of alignments of both close
and distant homolog sequences (Figures 1-3), suggests
that they confer molecular functions or conformational
properties that are under evolutionary constraints.

Within several TFs including MYB28 and MYB29,
IDDomainSpotter also identified other putative domains
enriched in, for example, different charges or containing
higher fractions of aliphatic or aromatic residues. These
other domains could exhibit lower structural flexibility
and affect overall protein conformation, mediate regula-
tory interactions through linear motifs, or be involved in
the transactivation capability of the TF through mecha-
nisms uncovered recently.*>**7® Especially in long disor-
dered regions, often associated with signaling and DNA
homeostasis, integration of a multitude of cues as well as
scaffolding of multicomponent complexes, pose the need
for segregation of function. One way to help achieve this
is via organization in domains of disorder with differen-
tially encoded properties. Such domains are now possible
to dissect using IDDomainSpotter.

4 | CONCLUSIONS

In this work, we used a sequence-based approach to
explore the presence of distinct domains within long dis-
ordered regions in proteins. By applying the approach to
proteins with characterized structural domains and func-
tional regions, we demonstrated that compositional slid-
ing window profiles can be used to identify putative
domains in IDRs from sequence alone. An online tool for
performing this analysis for any protein sequence or
sequence alignment is available at http://www.bio.ku.dk/
sbinlab/IDDomainSpotter. IDDomainSpotter allows the
user to visually inspect compositional biases in long IDRs
to predict candidate domains, and thus advances segrega-
tion of long, multifunctional IDRs into constituent
domains. We identified a uniquely biased disordered
putative domain conserved in several TFs from different
families, hypothesized to be acting as disordered spacers
separating the DBDs from the TADs and other regulatory
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regions. Through biophysical experiments we showed that
this +PST-RK domain from AtMYB28 and AtMYB29,
hypothesized to form a domain separator, is highly
extended, dynamic, and disordered in solution, without sta-
ble or noteworthily populated tertiary- or secondary struc-
tures. The presence of these compositionally distinct
regions in several unrelated TFs suggests general roles in
conformational decoupling of functional domains.

5 | MATERIALS AND METHODS

51 | IDDomainSpotter

IDDomainSpotter is a sliding window procedure which cal-
culates position specific scores for a given specification of
amino acid composition within a window over the sequence.
The size of the window is 15 residues per default, but can be
changed by the user. The composition specification consists
of a list of amino acids that are allowed (associated with posi-
tive unit score) and a list of amino acids that are disallowed
(associated with a negative unit score), with the remaining
amino acids considered as neutral. When alignments are pro-
vided as input, the script will consider a window over the
entire alignment, which corresponds to averaging over the
signals in the individual sequences. The score is calculated as
an average over the window size. For the special case of the
first and last residues in a sequence, where the sliding win-
dow lies partially outside the sequence, we calculate the aver-
age only over the valid residues, which corresponds to using
shorter window sizes in these boundary regions. The script is
implemented in Javascript using the d3 library and runs in
any modern browser.

52 | Cloning

The coding sequences covering A. thaliana MYB28117_197
and MYB29,,,_,,5 were amplified by PCR from in-house
plasmids to add compatible overhangs for cloning into
the pGEX-4T-1 plasmid (GE Healthcare) using the
BamHI and Sall restriction sites. The constructs were ver-
ified by Sanger sequencing (Macrogen Europe).

5.3 | Protein expression

E. coli BL21(DE3) were transformed with the resulting
plasmid for protein expression. Liquid LB media with
ampicillin (100 pg/ml) were inoculated from fresh trans-
formation plates, and the cultures were grown overnight
(37°C, 200 rpm). The next day, an ODgy, = 0.2 culture in
800 ml LB + ampicillin (100 pg/ml) was started by

Boos-WiLey L=

dilution of the overnight culture, and grown for 3 hr
(37°C, 200 rpm). The bacteria were pelleted by centrifu-
gation (4,000g, 20 min), and washed with 400 ml M9 salts
(6 g/L Na,HPO,, 3 g/L KH,PO,, 1 g/L NaCl, pH 7.0).
After washing, the cells were resuspended in 400 ml M9
media (M9 salts 44 g/L glucose (for double labeling **C
glucose) + 1 g/L NH,CI [for single or double labeling
>NH,CI) + 1 mM MgSO, + M2 trace element solution*’
+ ampicillin (100 pg/ml)]. The cultures were grown for
1 hr (37°C, 200 rpm), before induction of protein expres-
sion by addition of IPTG to a final concentration of
1 mM, and the cultures grew for further 4 hr (37°C,
200 rpm), before the cells were harvested by centrifuga-
tion (4,000g, 20 min). If not used immediately, the bacte-
rial pellets were stored at —20°C.

54 | Protein purification

Cells were lysed by resuspending the bacterial pellet in a
total of 2.5 ml BugBuster Master Mix (Merck Millipore)
(supplemented with 1x EDTA-free cOmplete protease
inhibitor cocktail [Roche] and 1 mM DTT) per 50 ml M9
media culture. The lysis reaction proceeded by end-over-
end rotation at room temperature for 30 min, before clear-
ing the lysate by centrifugation (20,000g, 20 min, 4°C). The
supernatant was filtered through a 0.2 pm filter (Sarstedt)
using a syringe, and added to pre-equilibrated glutathione
sepharose 4B (GE Healthcare) (0.5 ml slurry per 100 ml M9
media culture). The slurry was incubated with the cleared
lysate for 60 min at room temperature and with end-over-
end rotation. The slurry was pelleted by centrifugation
(500g, 5 min), and washed six times (each with 5 ml PBS
+ 1 mM DTT per ml of slurry). PBS containing 1 mM DTT
and thrombin (40 units per ml slurry) (GE Healthcare) was
added, and cleavage proceeded overnight (>12 hr) at room
temperature and with end-over-end rotation. The slurry
was pelleted and the supernatant was filtered using a
30 kDa cut-off centrifugal filter (Merck Millipore). The
flow-through was concentrated and the buffer changed to
10 mM sodium phosphate pH 7.0, or 50 mM sodium phos-
phate pH 7.0, with 100 pM TCEP using 3 kDa cut-off PES
membrane ultrafiltration centrifugal tubes (Thermo
Scientific™ Pierce). Purity was confirmed by SDS-PAGE,
and concentration was estimated using the Lambert-Beer
law based on absorbance at 280 nm.

5.5 | CD spectroscopy

Each protein was diluted to 10 pM with 10 mM sodium
phosphate buffer pH 7.0 containing 100 pM TCEP. Far-
UV CD spectra were recorded from 260 to 190 nm on a
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Jasco 810 spectropolarimeter (Jasco) at room temperature
equipped with a Peltier temperature control and with
0.1 nm data pitch, 1 nm bandwidth, 2 s response time,
and 50 nm/min scan speed. A total of 50 scans were accu-
mulated for each sample. The spectra of the buffer were
recorded immediately following acquisition of protein
sample spectra using identical settings and subtracted
before analysis.

5.6 | NMR spectroscopy

Samples for NMR spectroscopy were prepared with >N or
13C,>N-labelled protein, 10% (vol/vol) D,O, 1 mM DSS,
100 pM TCEP, and 0.03% (vol/vol) NaN; in 50 mM sodium
phosphate buffer (pH 7.0), and all spectra were recorded at
5°C. Free induction decays were transformed and visualized
in NMRPipe” or Topspin (Bruker Biospin) and analyzed
using CcpNmr Analysis software.*® Proton chemical shifts
were referenced internally to DSS at 0.00 ppm, with hetero-
nuclei referenced by relative gyromagnetic ratios.

Assignments of MYB29,,4 175 were performed manually
from analysis of "’N-'"H HSQC-, HNCA-, HN(CA)CO-,
HNCB-, HNCO-, HN(CO)CA-, and HN(CO)CACB spectra
recorded on a 225pM sample on a Bruker 800 MHz
spectrometer at the Swedish NMR Centre, University of
Gothenburg. Assignments of MYB28;17 197 (350 pM) were
performed manually from analysis of "N-'H HSQC,
HNCACB, HNCOCACB, HN(CO)CA, HNCO, and HN(CA)
NNH spectra acquired with nonuniform sampling® using
standard pulse sequences on a Bruker AVANCE III 750 MHz
(*H) spectrometer equipped with a cryogenic probe. The con-
tent of transient structure in MYB28, MYB29, and p53 was
evaluated from secondary C*-chemical shifts using a random
coil reference set for intrinsically disordered proteins.”>>*

T,- and T, “N-relaxation times of MYB28,;7 197
(200 pM) were determined from two series of *°N-'H HSQC
spectra with varying relaxation delays recorded at 750 MHz
(1H), using 10 (10, 20, 60, 100, 200, 400, 600, 800, 900, and
1,200 ms) and 10 (16, 32, 64, 80, 96, 112, 128, 160, 192, and
224 ms) different relaxation delays for T1 and T2, respec-
tively, plus triplicate measurements. The relaxation decays
were fitted to single exponentials and relaxation times
determined using CcpNmr Analysis software.* For calcula-
tion of the R, random coil values of MYB28,,-_197 the fol-
lowing equation was used>*>’

N
=
Ry (i) =Rint Y e W

Jj=1

where R;,; is the intrinsic relaxation rate (R;,; = 0.2889 to
adjust for the slower tumbling and increased R, at 5°C
compared to 25°C used in the original Reference 57), N is

the number of residues, and /, is the persistence length
of the chain (1¢ = 6.67).

For DOSY-NMR on MYB28,,- 197, *>’N-'H HSQC and
15N-filtered DOSY spectra were recorded on a 150 pM
sample (5°C for the HSQC and 25°C for the DOSY) on a
Bruker AVANCE III 600 MHz spectrometer equipped
with a cryogenic probe. Signal amplitudes were extracted
from spectra recorded at varying gradient strengths, and
the translational diffusion coefficients obtained by fitting
the signal decay to the Stejskal-Tanner equation

T= L #7(0p

where g is the gradient strength, y is the gyromagnetic
ratio, 6 is the length of the gradient, A is the diffusion
time, and D is the translational diffusion coefficients. R},
was then calculated from the Stokes—Einstein relation

_ kgT
= 6anD

h

where kg is the Boltzmann constant, T the temperature,
and 7 the solvent viscosity.

5.7 | Small-angle X-ray scattering

SAXS data on MYB28;,7.197 (50 mM sodium phosphate
pH 7.0, with 100 pM TCEP, pH 7.0) were collected at the
PETRA III, P12 beamline (DESY synchrotron, Hamburg),*
at 25°C and following standard procedures. Two different
concentrations of MYB28,;,_,97 Were measured, at 2- and
4 mg/ml. The two scattering curves, with each curve being
an average of 20 frames, were recorded in succession
flanked by recordings of the buffer alone. Data were
processed and analyzed using the ATSAS program.** For
each data set, the two flanking background scattering cur-
ves were averaged and subtracted from the sample scatter-
ing curves.

6 | DATA DEPOSITION
The chemical shifts of MYB28;17_197 and MYB29;,0_17s
have been deposited in the BMRB under the accession
numbers 27992 and 27993, respectively.
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